Notch signaling between neighboring cells regulates a host of critical cellular functions ranging from neurogenesis 1 , cell fate determination 2, 3 , immune responses 4 , and maintenance of adult tissue homeostasis 5 . Aberrant regulation of Notch signaling is associated with disease states such as cancer [6] [7] [8] . The transmembrane protein Notch receptor is a hetero-oligomer consisting of an extracellular domain, a single transmembrane region, and an intracellular domain. Upon binding to a delta ligand presented by a neighboring cell membrane, the Notch receptor undergoes conformational changes, exposing a cleavage site on its extracellular domain to initiate Notch signaling ( Figure 1a ). Previous studies have implicated mechanical forces in the initiation of Notch activation [9] [10] [11] . Recently, Gordon et al. showed that about 5 pN of force is necessary to expose the cleavage site in vitro 12 but in a cell-based assay 1.5 pN of force was sufficient to activate Notch signaling. In addition, in most of the previous studies that evaluated the force requirement of Notch activation, the force was applied by the human practitioner rather than the cell. In order to evaluate the force requirement of Notch signal activation, we recently developed an array of Tension Gauge
Tethers (TGTs), with molecular tension tolerance in the range of 10-60 pico-Newton (pN) 13 . We determined that Notch signaling can be activated even when the Notch ligands are presented through the TGTs of the lowest tension tolerance (~12 pN) 13 , leading to our proposal that Notch activation is either force independent or requires less than 12 pN of force. Here we developed a novel class of Low Tension Gauge Tether (LTGT) with tension tolerance below 12 pN so that we can better define the force requirement for Notch activation and other mechanical signaling processes.
We reasoned that in order to engineer a tether that breaks at lower forces than 12 pN but is stable in the absence of force, we would need to utilize multivalent interactions. If two molecules are bound to each other through multiple weak bonds, it is highly unlikely that they would fully dissociate spontaneously. But, upon application of weak forces, the bonds can break one by one gradually. In fact, double stranded (ds) DNA rupture via application of force in the unzipping direction is one such example that gave us an approximately 12 pN of rupture force which is lower than the force required to rupture dsDNA when the force is applied in a shear configuration 13 .
E. coli single stranded DNA binding protein (SSB) forms a stable tetramer, that can bind ~65 nucleotides (nt) of single stranded (ss) DNA with very high affinity under moderately high salt conditions 14 by wrapping the ssDNA around the tetramer [15] [16] [17] [18] [19] [20] . We hypothesized that pulling on the ssDNA end may allow us to peel the ssDNA off the SSB protein surface gradually even at low forces. We previously showed that when the two ends of the ssDNA wrapped around a single SSB tetramer are under tension, the SSB protein is ejected from the ssDNA at approximately 9 pN of force 21, 22 . Here, we examined the SSB dissociation force under a different configuration where the force is applied between the SSB tetramer and the ssDNA (Figure 1 ). Due to the pulling configuration, as the ssDNA is unspooled from the SSB protein, the protein will rotate around the biotin attachment point, mimicking the unspooling of a yoyo. In order to attach the SSB to the surface, we added an in vivo biotinylation tag to the single C-terminal end of a previously described tandemly fused SSB tetramer 23 . Creation, purification, and characterization of tandemly fused SSB tetramer are described in the supporting information (Materials and Methods;
Supporting Information Figure S1 ). Biotinylation was confirmed using the HABA assay 24 . If the rupture force between the ssDNA and the biotinylated tandem SSB tetramer (btSSB) is significantly below 12 pN, the lowest rupture force for double stranded DNA tethers, such a btSSB-ssDNA complex can serve as an LTGT.
We determined the magnitude of force required to dissociate single ssDNA, (dT)65, from a single SSB tetramer using a dual-trap high-resolution optical tweezers (Figure 2a ). In the dual-trap optical tweezers instrument, the stationary bead ( Figure not show any rupture events. Therefore, rupture events observed are due to either btSSB-ssDNA dissociation or shear opening of the 12 bp of COS/COS' duplex. However, it is well known that the rupture force of DNA in the shearing geometry is in the range of 20-60 pN, depending on the number of base pairs under shear force 26 . In addition, we previously observed that the COS/COS' duplex withstand forces that are needed to fully stretch short ssDNA (30-35 pN) 27 or to unravel DNA from the nucleosome (up to about 20 pN) 28 . Therefore, the observed rupture force of a few pN must be due to disruption of the ssDNA-SSB interaction. Thus we achieved our goal of developing an LTGT that ruptures at forces significantly below 12 pN. When we repeated the measurement at a much higher pulling rate of 2000 nm/s, the peak of the rupture force histogram shifted to 8 pN (Supporting Information Figure S4 ), which is higher than the 4.2 pN obtained at 500 nm/s but is still below the 12 pN of the lowest TGT reported previously. Potential caveats concerning the accuracy of the rupture force caused by differences in ionic condition and temperature between the optical tweezers experiments and cell-based experiments are discussed in Supplementary Notes.
In order to determine the forces required for Notch signaling activation in living cells, we employed a Notch ligand, DLL1 (Delta-like protein 1), tethered to a surface through ssDNA wrapped around the btSSB (Figure 1b) . In DLL1-LTGT, we first conjugated Protein G to 18 nt ssDNA (Supporting Information Figure S5 ) 29 which is then hybridized to a complementary sequence connected to (dT)65 ssDNA to form an 18 bp dsDNA with a 3'overhang of (dT)65. The DLL1 ligand 9 fused with the Fc domain was bound to Protein G conjugated to the DNA, followed by incubation with btSSB. The overhang of (dT)65 wraps around the btSSB to make the final product of btSSB: ssDNA: ProG: DLL1. This DLL1-LTGT was immobilized on a glass surface through a neutravidin-biotin linker ( Figure 1 ). The surface was also coated with fibronectin to promote cell adhesion. If the force through a single Notch-DLL1 bond required to activate Notch signaling is larger than the force required to dissociate the ssDNA from the btSSB, the ssDNA will dissociate and Notch signaling will not be activated. On the other hand, if the required force is smaller than the dissociation force, the LTGT will endure, resulting in Notch signaling activation.
To ensure the interaction of btSSB: ssDNA complexes is close to 1:1, we ran an electrophoretic mobility shift assay on (dT)65 constructs where (dT)65 was mixed with btSSB at a 1:1 molar ratio (Supporting Information Figure S6 ). Only a single band was observed confirming the formation of stable btSSB: ssDNA complexes.
To read out Notch activation at the single cell level, we used CHO-K1 cells stably expressing human NOTCH1, whose intracellular domain is replaced by the transcription activator
Gal4. This cell line is also transfected with Gal4-controlled H2B-YFP as a reporter so that after notch activation, H2B-YFP fluorescence is detected in the nucleus, reaching an optimal level after two days 30 . As a positive control, we seeded Notch reporter CHO cells 30 on a glass surface coated with both fibronectin and 10 nM DLL1-Fc to see if activation of Notch signaling was represented by H2B-YFP fluorescence in the cell nucleus. We observed a high nucleus fluorescence signal reaching an optimal level after 48 hr from the positive control (Figure 3 a, b) . When we treated cells with DAPT 31, 32 , which prevents proteolytic cleavage mediated by -secretase, thus preventing Notch activation, we observed a reduction in nuclear fluorescence in a dose dependent manner (Supporting Information Figure S7 ). As a negative control, we omitted DLL1-Fc ligand and seeded cells on a fibronectin only surface. We observed only a faint fluorescence signal confirming that fibronectin alone cannot activate Notch signaling (Fig. 3 c, d ).
To test our newly developed LTGT in Notch signaling, we prepared a surface coated with fibronectin and neutravidin (via biotinylated Bovine serum albumin) and then incubated 10 nM of DLL1-LTGT. Even 48 hr after plating the cells, we did not observe any fluorescence signal suggesting that Notch is not activated on the DLL1-LTGT (Figure 3 e, f) . Next, we increased the surface-incubation concentration of DLL1-LTGTs to 100 nM which increased the surface density of LTGTs according to fluorescence imaging of Cy3 fluorophores conjugated to them (Supporting Information Figure S8 ). Even with the increased DLL1-LTGT surface density, we only observed a faint nucleus fluorescence signal (Figure 3 e, f) .
Although the data presented so far suggest that Notch activation requires a force that is higher than the force needed to disrupt the ssDNA from SSB, it was possible that the bond between Protein G and the Fc-domain fused to DLL1 may be the weak link that ruptures in our experiment.
To test this possibility, we prepared two DLL1-TGTs with the calculated rupture forces of 12 pN and 54 pN where DLL1-Fc is bound to Protein G conjugated to a double stranded DNA that is in turn immobilized to the surface through a biotin on the DNA. In the 12 pN TGT, the biotin is attached to the same duplex end as Protein G so that the cellular force applied through the Notch receptor-DLL1 bond applies an unzipping force to the DNA. In the 54 pN TGT, the biotin is moved to the opposite duplex end so that the cellular force is applied to the DNA in the shear configuration (Figure 3 g, h) . We found that for the same 10 nM concentration of DLL1-TGT incubation, Notch signaling is activated for both 12 pN and 54 pN TGTs, showing that the Fc-Protein G bond is not the weak link in our experiments. Lack of Notch activation on the DLL1-LTGT surface therefore is not due to the rupture of Fc-Protein G bond. Otherwise, we would have observed no Notch activation with 12 pN or 54 pN DLL1-TGTs. Instead, lack of Notch activation with DLL1-LTGT must be due to the rupture of btSSB: ssDNA, and we can deduce that the force through the single Notch-ligands bonds that is necessary for Notch activation is larger than the rupture force of ssDNA wrapped around btSSB, which is about 4 pN at 500 nm/s pulling rate. Figure S9 ). Therefore, the force exerted by Notch receptor is below 12 pN.
In a recent study, Narui et al. showed that restricting spatial movement of Notch ligands in supported lipid bilayers using a patterned surface can activate Notch signaling, indirectly implicating mechanical force 33 . If the Notch receptor is being pulled in a certain direction by the cell, the associated ligand on the lipid bilayers would move together, and only when the movement is resisted by a barrier, a sufficient force is developed to activate signaling. Such resisting force would develop if the ligands are immobilized directly on a surface but not for soluble ligands or mobile ligands on the membrane. However, in the study by Narui et al., the magnitude of the force required could not be determined. Recent advances of single molecule platforms including our own TGT technique can be leveraged to investigate such relevant tension forces in different mechanotransduction pathways 13, [34] [35] [36] . In our previous Notch study 13 , we found that Notch signaling can be activated even on the lowest 12 pN tension tolerance tethers. To conclusively pin the force is applied to the Notch-ligand bond in the cell. All of these forces are lower than 19 pN rupture force between Notch receptor and DLL1 ligand estimated using optical tweezers experiments 37 so that the receptor-ligand bond would not rupture during mechanical changes to the Notch receptor. We note that the optical tweezers study did not specify the rate of force increase used.
Evidence has been presented that ligand endocytosis by the ligand-presenting cell is necessary for Notch activation and may be the primary source of force 11, 12, 38, 39 . However, our data indicate that such force can be internally generated from the receptor-presenting cells as long as the ligands are immobile (Fig. 4) . We observed in live cell imaging using fluorescently labeled DLL1-LTGTs that fluorescence signaling is reduced at the cell periphery and increases at the cell center. Actin filaments can undergo retrograde flow during cell spreading [40] [41] [42] [43] [44] , and if Notch receptors are linked to the actin cytoskeleton, such retrograde flow toward the cell center may apply forces large enough to rupture LTGT and the ruptured LTGTs then accumulate near the cell center. We suggest that the internally generated acto-myosin forces, exerted at the cell-ECM interface, is also a potent source of mechanical force that can initiate Notch activation. The speed of actin retrograde flow has been estimated previously 41, 45, 46 . However, the rate of force increase (also called the loading rate) cannot be determined from the actin flow rate alone because the local intracellular compliance remains unknown.
The measured LTGT rupture force values were dependent on the pulling speed (4 pN at 500 nm/s and 8 pN at 2000 nm/s). Because the 3 kb DNA tether between LTGT and the trapped bead has nonlinear elasticity, the force increases nonlinearly as the moving bead is moved at a constant speed. We calculated the loading rate at the corresponding rupture force and obtained ~58
pN/s at 4 pN (500 nm/s pulling speed) and ~630 pN/s at 8 pN (2000 nm/s pulling speed). Therefore, if the true loading rate in the cell is lower than ~58 pN/s, the force required for Notch activation can be lower than 4 pN. Regardless of the exact force value, our data clearly show that mechanical force is required for Notch activation because premature LTGT rupture induced by cellular pulling force prevents notch activation.
In summary, our live cell data demonstrate that Notch activation does require a mechanical force greater than 4 pN although the exact threshold force will depend on the cellular loading rate.
Our newly developed LTGT platform of "nano yoyo" made of a spool of ssDNA around SSB protein can also be extended to explore force requirements in other signaling receptors, cell adhesion proteins and endocytosis.
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